ADA  0288  20 


RADC-TR-76-221 
Final  Technical  Report 
July  1976 


ALUMINUM  VAPOR  RELEASE  IN  THE  UPPER  ATMOSPHERE 

General  Electric  Company/RESD 


Sponsored  By 

Detense  Advanced  Res eareh-Pr©j*cts  Agency 


ARPA  Order  No.  1649 


\ ~ 


Approved  for  public  release; 
distribution  unlimited. 


The  views  and  conclusions  contained  in  this  document  are  those  of  the 
authors  and  should  not  be  interpreted  as  necessarily  representing  the 
official  policies,  either  expressed  or  implied,  of  the  Defense 
Advanced  Research  Projects  Agency  or  the  U.  S.  Government. 

O ° 

<sl» 


ROME  MR  DEVEUPMENT  CENTER 
AIR  FORCE  SYSTEMS  COMMAND 
SRIFfISS  AIR  FORCE  BASE,  NEW  YORK  13441 


■HOPPPPPCHH HE CSSSC.  - - 


«* 


This  report  has  been  reviewed  by  the  RADC  Intonation  °«1«*  »»  *“J 
, i t-n  *h*  National  Technical  Information  Service  (NT1S).  At  NTIS 

s sir JtuesiEi.  “‘x  ^ ^ <->**•  *—* 

This  report  has  been  reviewed  and  is  approved  for  publication. 


Do  not  return  this  copy.  Retain  or  destroy. 


Lf./J, ...  -v+j-' 

IliM'iStiritr f '- 1 1-'*  n -n 


) 


* 


ALUMINUM  VAPOR  RFLEASE  IN  THE  UPPER  ATMOSPHERE 

Petet  D.  Zavitsanos 
Fred  N.  Alyea 
Joseph  A.  Golden 


Contractor:  General  Electric  Company/RESD 

Contract  Number:  F30602-74-C-0050 

Effective  Date  of  Contract:  18  December  1973 

Contract  Expiration  Date:  31  January  1976 

Short  title  of  work:  Aluminum  Vapor  Release 

In  The  Upper  Atmosphere 
Program  Code  Number’  4E20 
Period  Covered:  Apr  74  - Jan  76 


Principal  Investigator: 
Phone: 

Project  Engineer: 

Phone: 


Dr.  Peter  D.  Zavitsanos 
215  962-3496 
Joseph  J.  Simons 
315  330-3055 


Approved  for  public  release; 
distribution  unlimited. 


This  research  was  supported  by  the  Defense  Advanced 
Research  Projects  Agency  of  the  Department  of 
Defense  and  was  monitored  by  Joseph  J.  Simons  RADC 
(OCS),  Griff iss  AFB  NY  13441. 


i 


UNCLASSIFIED 


SECURITY  CLASS'FICATION  OF  T H I S ■ AGE  (When  nalaEnlered) 

i 


I REPORT  DOCUMENTATION  PAGE 

I,  REPORT  NUMOE'n 


*•  TJJ1_E  .fand-SuiMIII*)- 


1 7 AiUAin  nr « l» 1 * 

Peter  D./Zavitsanos 
Fred  N.  Alyea 
Joseph  A./ Golden 

9 ' per'^ormIn c oR C”AN1  Nation  name  and  address 
General  Electric  Company/RESD 
3198  Chestnut  Street 
Philadelphia  PA  19101 


RADC^-TR- 76-221  / 


|2.  GOVT  ACCESSION  NO 

- ts 


ALUMINUM  VAPOR  RELEASE  IN  THE  UPPER  ATMOSPHERE  J 

jf  & ** 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


3.  RECIP'FHT’S  CATALOG  NUMBER 


\/S) 


M 


(/A 


11.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Defense  Advanced  Research  Projects  Agency 
1400  Wilson  Blvd  1 rj / 

Arlington  VA  22209  ~ 

U MONITORING  AGENCY  NAME  « ADDRESSfll  dlllerent  Iron,  Conlroll/nVxiL/ice) 

Rome  Air  Development  Center /OCS 
Griffins  AFB  NY  13441 


4r-T-Y F€ -OF  REPORT  A.P.ERJQJ}  CQ.VJ R E D 

Final  technical  ?fep»rt 
rfl8BB74  - JanflgjH976 

~PLWFOW<>m«-Of»G  REPORT  NUMBER 

N/A  


S.  CONTRACT  OS  GRANT  NUMBERS 

F306Q2-74-G-0050>  f & 


10.  PPOGPAM  R LEMENT,  PROJECT,  TASK 
APEA  A WO  TK  UNIT  NUMBERS 


1: 


ewfiiD  QJ,  ' v , 

16490304  ■ ///  ' / L’  ' ' h 


12.  REPORT  DATE 


13.  NUMBER  OF  PAGES 

41 _ 

j IS.  SECURITY  CLASS,  (ol  Ihla  report,) 


UNCLASSIFIED 


ISe  DECLASSIFICATION  DOWNGRADING 

N/A SCHEDULE 


16.  DISTRIBUTION  STATEMENT  (ol  Ihla  ReporlJ 

Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (ol  lha  abetracl  anlarad  In  Block  20,  II  dlllaranl  horn  Papon ) 

Same 


18.  SUPPLEMENTARY  NOTES 

RADC  Project  Engineer: 
Joseph  J.  Simons/OCS 


19  KEY  WORDS  (Continue  on  reverse  side  II  nacaaaary  and  Idantlly  by  block  number) 

Metal  Vapors 
Chemical  Releases 
Aluminum 


20  ABSTRACT  (-Continue  on  reverse  side  II  nacaaaary  and  Idantlly  by  block  numbar) 

Based  on  the  exothermic  nature  of  intermetallic  reactions  techniques  have  been 
developed  which  are  capable  of  generating  high  temperatures  in  the  condensed 
phase.  By  proper  selection,  based  on  the  relative  vapor  pressures  of  all  the 
components,  it  is  possible  to  selectively  vaporize  metals  for  atmospheric  re- 
lease applications. 

Laboratory  experiments  and  ground  tests  conducted  on  a chemical  system  consisting 
of  Ti/B/Al  resulted  in  the  development  and  flight  test  of  an  aluminum  vapor 


DD  i jan^73  1473 


EDITION  OF  1 NOV  SS  IS  OBSOLETE 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Whan  Dale  Entered) 


tO  O J /. 


UNCLASSIFIED 


■y  a minCATION  OF  ™I5  PAGEfHTi.,1  P.l»  Enl.r.d) 


''Szz.’ttLZ  by 

molecular  oxygen. 

Atomic  aluminum  was  observed 

A10  was  monitored  from  band  rad  estimates  based  on  available 


unclassified  _ 

SECUSiTV  CLASS,  F,  cat,  o'-ToF  THIS  PAGEfH7,.n  D.„  *■«•«<« 


— — 


I.  INTRODUCTION 

Atmospheric  release  experiments  may  provide  a suitable  means  for  the 
study  of  the  oxidation  of  metal  atoms.  The  appeal  of  this  approach  to  the 
problem  is  significant  for  a variety  of  reasons  which  include:  a)  the  ability 

to  produce  large  quantities  of  unstable  species,  b)  the  absence  of  confining 
walls,  and  c)  the  availability  of  atomic  oxygen.  However,  the  feasibility  of 
performing  useful  atmospheric  experiments  using  pure  metal  vapors  must  be 
established.  The  present  program  was  undertaken  to  demonstrate  that  aluminum 
can  be  released  in  the  atmosphere  without  the  production  of  large  quantities 
of  gaseous  side  products  which  can  effect  the  chemical  behavior  of  the  gaseous 

metal  vapor. 

XI.  THERMOCHEMICAL  CONSIDERATIONS 

The  high  exothermicity  associated  with  some  condensed  phase  intermetallic 
reactions  was  identified  (Reference  1)  as  a convenient  and  potentially  effec- 
tive means  of  generating  metal  vapors  for  atmospheric  releases.  The  metal  of 

interest  in  this  investigation  was  aluminum. 

In  order  for  the  above  schemes  to  be  of  practical  interest  the  follow 
ing  criteria  must  be  satisfied:  1)  Reaction  can  be  easily  initiated;  2)  once 

initiated  the  reaction  must  be  self -sustained  at  a fast  rate;  3)  the  realized 
temperatures  must  be  high  enough  to  vaporize  aluminum;  4)  production  of  high 
aluminum  yields  at  a reasonable  cost;  5)  the  system  must  be  scalable  to  large 
quantities  and  6)  the  reaction  should  not  be  explosive. 

Specifically  one  of  the  most  promising  reactions  which  was  identified 
was  the  reaction  between  titanium  and  boron  (in  the  condensed  phase)  to  form 
titanium  diboride  according  to  the  following  stoichrometry : 

Ti(s)  + 2B(s)  — >-  Ti  B2(c)  + heat. 


Due  to  favorable  thermochemica 1 properties  this  Is  a "gasless"  reaction  l.e. 
the  only  product  in  addition  to  heat  is  the  condensed  phase  of  Ti  B2.  The 
calculated  adiabatic  temperature  resulting  from  the  above  reaction^  4043°K. 

In  view  of  the  fact  that  the  boiling  point  of  aluminum  (2736°K)  is  con- 

siderably less  than  the  calculated  adiabatic  temperature  it  is  safe  to  assume 
that  the  system  can  be  used  as  an  "aluminum  vaporizer"  by  simply  adding  alumi- 
num to  the  mixture . The  vapor  pressure  of  aluminum  in  comparison  to  the  other 

two  components  of  the  system  (Ti  and  B)  is  shown  in  Figure  1.  Since  the  vapor 

pressure  of  aluminum  is  two  and  three  orders  of  magnitude  higher  than  that  of 
Ti  and  B respectively  it  is  expected  that  extremely  small  amounts  of  gaseous 
titanium  and  boron  would  be  generated  during  an  aluminum  release.  Using  the 
thermochemical  properties  (Table  I)  which  govern  the  yield  of  aluminum  vapor, 
the  Ti/B/Al  system  was  balanced  near  the  boiling  point  of  aluminum: 

Ti(s)  + 2 B(s)  + 0.22  Al(s) > Ti  B2(s)  + 0.21  Al(g) 


OQ  R°TO 


c?7nn  in 


This 
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suggests  that  as  much  as  0.22  gram-atoms  (or  5.93  g)  of  A1  could  be  vapor- 
by  1 - mole  (69.52  g)  of  Ti  B2  which  corresponds  to  a predicted  efficiency 

.87=  based  on  the  total  chemical  weight. 
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III.  laboratory  results  and  payload  development 


Samples  containing  Ti/B/Al  at  a weight  ratio  2/1/0. 7 were  formulated 
using  adhesive  binders  or  by  sintering  under  pressure  at  100  C-150  C. 

Studies  on  these  samples  included  initiation  techniques,  observation  on  the 
duration  of  the  reaction,  identification  of  aluminum  atoms  by  mass  spectrometry 
and  emission  spectroscopy,  X-ray  diffraction  of  reactants  and  products  as  well 
as  yield  determination  of  released  aluminum. 

Items  of  interest  which  became  immediately  apparent  are  that  this  system 
can  be  initiated  simply,  is  self-sustaining  at  a fast  rate,  and  looks  pro- 
mising in  terms  of  producing  aluminum  vapor  at  a low  cost.  Heating  locally 
a very  small  fraction  of  the  mixture  to  650°C  either  by  hot  wire  or  conven- 
tional initiators  starts  the  reaction  which  lasts  several  milliseconds  in 
the  case  of  small  (gram  -like)  samples  or  200-300  milliseconds  when  the  sample 
size  is  increased  to  2.6  kg. 

Additional  measurements  relating  to  yield  of  aluminum  are  shown  in 
Table  II.  The  range  for  recovered  aluminum  is  4.8  - 11%.  In  addition  to  alumi- 
num it  appears  that  titanium  is  also  generated  in  the  vapor;  its  quantity  is 
about  a factor  of  ten  less  than  aluminum.  A typical  X-ray  diffraction  pattern 
of  the  Ti/B/41  formulation  (containing  20%  A1  by  weight)  shown  in  Figure  2 de- 
picts the  presence  of  crystalling  titanium  and  aluminum  and  amorphous  boron. 
Figure  2 is  the  diffraction  pattern  of  the  metallic  film  which  coats  the  walls 
of  the  vacuum  chamber;  it  is  apparent  that  this  material  is  relatively  pure 
aluminum  . The  diffraction  pattern  of  the  residue  product  is  shown  in  Figure  4 
which  matches  the  ASTM  data  on  Ti  The  lack  of  any  Ti  or  A1  peaks  suggests 

that  the  reaction  went  to  completion  and  that  most  of  the  available  aluminum 
was  removed  from  the  mixture  to  a large  extent  via  vaporization. 
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FIGURE  3.  X-RAY  DIFFRACTION  VAPORIZED  PRODUCT 


The  observed  yield  of  4.8  - 11%  is  in  good  agreement  with  the  value  of 

7.8%  predicted  in  the  previous  section. 

The  largest  sample  quantity  Involved  in  a ground  test  was  the  2.6  kg 

canister  referred  to  In  Table  II  and  shown  in  Figure  5.  The  cloud  shown  in 
photo-B  is  due  to  aluminum  oxide  formed  as  soon  as  the  aluminum  vapor  interacts 
with  the  surrounding  air.  Photo-C  exhibits  the  remain,  of  the  canister  and 
Ti  B2  particles  (on  the  ground) . 

The  payload  prepared  for  flight  contained  6 kg  - Ti,  3 kg-B  and  2 kg-Al 
(a  total  of  12.7  kg  chemical  mixture*)  enclosed  in  a canister  15  cm  in  diameter, 
56  cm  long,  as  shown  in  Figure  6.  The  release  canister  housed  inside  the  rocket 
skin,  is  initiated  by  hot  tungsten  wire  which  is  attached  to  the  lid  and  is 
heated  by  a 20  V,  20A  battery.  Release  was  scheduled  to  occur  at  an  altitude 
of  150  Km  on  the  down-leg  by  removing  the  rocket-nose  and  firing  through  the 

lid  which  is  designed  to  burst. 


j , o j , p i a rcfp  c"j  7p  was  not  sintered  as 
* This  mixture,  due  to  its  large  si<se, 

previously  described. 
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FIGURE  5.  ALUMINUM  VAPOR  RELEASE  IN  GROUND  TEST 


Aluminum 

Oxide 

Cloud 


IV. 


ATMOSPHERIC  RELEASE  OF  ALUMINUM 


A<  Pvof light  Prediction  of  Resonance  Fluorescence  Produced. 

Bv  Atmospheric  Aluminum  Releases 

The  present  analysis  was  undertaken  in  support  of  the  experimental 
atmospheric  release  program.  The  intent  of  the  calculations  was  to  predict 
the  altitude  behavior  of  the  intensity  of  resonance  fluorescence  produced  by 
atomic  aluminum  released  in  the  atmosphere.  This  enabled  the  optimisation  of 

the  release  altitude  and  provided  estimat  ! signal  levels. 

The  release  package  as  discussed  in  the  previous  section  contains  a 
mixture  of  6 kg  of  titanium,  3 kg  of  boron  and  2 kg  of  aluminum.  Upon  initi- 
ation, the  titanium  and  boron  react  producing  large  quantities  of  heat. 


Ti(s)  + 2B(s) 


Ti  B2(s)  + heat 


The  aluminum  is  vaporized  and  released  in  atomic  form. 

The  geometry  of  the  release  cloud  has  been  estimated  using  the  semi- 
empirical  method  of  Reference  3.  The  cloud  is  assumed  Gaussian  with  an  initial 

radius  given  by: 


Itlrr 


rn  = f I — 


V 3 


(1) 


where : 

r = initial  Gaussian  radius 
o 

= mass  released 
p = atmospheric  density 
f = empirical  constant 

Comparison  between  Equation  (1)  and  measurements  of  the  sice  of  atmospheric 
releases  allows  the  evaluation  of  the  proportionality  constant,  f.  as  a func- 
tion of  altitude  (see  Figure  7).  At  low  altitudes,  f approaches  the  theoret- 
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ical  limit  predicted  by  a point  energy  release.  However,  as  altitude  increases, 
transport  phenomena  become  significant  and  the  measured  Gaussian  radius  after 
pressure  equilibration  is  larger  than  that  of  the  simplified  theory. 


The  center  point  number  density  of  a Gaussian  cloud  is  related  to  the 
total  amount  of  material  released  by  (Reference  3): 


rQ3  3/2 

U TT 


(2) 


where 

ne  = center  point  number  density 
n^,  = total  atoms  released 

However,  atomic  aluminum  reacts  rapidly  with  oxygen  (Reference  4). 


A1  + 0, » A10  + 0 (3) 

In  fact,  calculations  (Reference  5)  show  that  reaction  3 reaches  steady 
state  in  about  four  seconds  at  160  km  altitude.  For  this  reason,  it  is 

assumed  that  reaction  3 is  equilibrated,  i.e., 


iMj  = k [ 0l 

[A  10 ) ' [02] 

Thus,  tile  center  point  aluminum  atom  concentration  is  given  by 


(4) 


[Alj 


o 


n 


2. 


1 + k 


[0  ] 

p lod 


k J±1 
p [o2] 


(5) 


Table  III  summarizes  the  properties  of  the  release  cloud  of  interest  as 
calculated  using  tin  methodology  outlined  above.  Also  shown  is  the  assumed 
atmospheric  structure  (Reference  6)  and  the  value  of  the  equilibrium  constant 
computed  using  the  JANAF  tables  as  corrected  for  the  most  recent  dissociation 
energy  of  A10,  5.15  ev  (Reference  7).  These  properties  will  be  used  to  esti- 
mate the  intensity  of  resonance  fluorescence  as  a function  of  altitude. 


TABLE  HI 

ATMOSPHERIC  AND  RELEASE  PROPERTIES 


ALTITUDE 

1 00  120 140  160 


T(°K) 

210 

349 

714 

1022 

p(p/cc) 

1 . 

04 

(13) 

5.23 

(ID 

7. 

52 

(10) 

2.62 

(10) 

o/o2 

,108 

1.21 

2. 

,26 

4.79 

rQ  (cm) 

8. 

,22 

(3) 

2.77 

(4) 

6, 

,25 

(4) 

1.08 

(5) 

r.Q  (p/cc) 

1 , 

.40 

(13) 

3.67 

(ID 

3 

.19 

(10) 

6.12 

(9) 

kP 

5 

.71 

(-2) 

9.42 

(-2) 

1 

.62 

(-D 

1 .79 

(-D 

A1/A10 

6 

.17 

(-3) 

1.14 

(-D 

3 

.66 

(-D 

8.57 

(-D 

nAi  (p/cc) 


8.59  (10) 


3.26  (10) 


8.55  (9) 


2.82  (9) 


( 
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The  relationship  between  the  intensity  of  resonance  fluorescence  and 
the  cloud  properties  is  derived  in  (Reference  8)  for  a doppler  broadened  line 
viewed  perpendicular  to  the  solar  flux.  The  derivation  assumes  that  each  solar 
photon  which  is  absorbed  is  re-radiated  into  4 it  steradians.  The  resulting 
resonance  fluorescence  is  integrated  over  wave  number  to  give  the  total  inten- 
ity  in  the  line.  A second  integration  over  the  line-of -sight  through  the 
Gaussian  cloud  then  gives  the  intensity  as  viewed  by  an  observer.  The  final 
equations  are  summarized  below: 


H,,(”)  a v d 


N = 


where : 


ti1^2  2 ERFC  ( h /ro) 


1/2 


EXP  - (n2/r02)  (1  -EXP  -T)  (6) 


T = 4 T0  ERFG(n/r0) 


EXP  - (P  cos 


,2/  2 

a) 


no  Ro  ro 


g A , 
u ul 


-hcE1  loj,  -hcEu/kT 


(7) 

(8) 

(9) 


A v d Q 8 2 


-e 


and  where : 

N 

Hv(”) 
A v D 

®u 

Aul 

v 

E1  ’Eu 

Q 

n 


2 

radiance  observed  normal  to  solar  flux  (w/cm  -ster) 

, , 2 -K 

solar  spectral  intensity  (w/cm  -cm  ) 
doppler  width  = — ^kT/M  (cm  ) 
statistical  weight  of  upper  level 

Einstein  coefficient  of  spontaneous  emission  (sec  ) 
wave  number  (cm  ) 

, -K 

energy  levels  of  transition  (cm  ) 

partition  function 

coordinate  parallel  to  solar  flux 
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TABLE  IV 

OPTICAL  PROPERTIES  OF  RELEASE  CLOUD 


100 

ALTITUDE 

120 

140 

160 

Temperature  (°K) 

216 

349 

714 

1022 

Partition  Function 

3 . 86 

4.52 

5.19 

5.42 

Doppler  Width  (cm  ^ ) 

3.03  (-2) 

3.91  (-2) 

5.59  (-2) 

6.69 

(-2) 

kQ  (3961)  (cm2) 

9.11  (-13) 

8.21  (-13) 

6.33  (-13) 

5.41 

(-13) 

kQ  (3944)  (cm2) 

9.80  (-13) 

6.59  (-13) 

3.95  (-13) 

3.17 

(-13) 

Tq  (3961  ) 

643 

855 

338 

165 

T (3944) 

692 

677 

211 

96.5 
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TABLE  v. 

PREDICTED  RESONANT  FLUORESCENT 
INTENSITY  OF  RELEASE  CLOUDS 


ALTITUDE 


100 

120 

140 

Doppler  Width  (cm  "* ) 

3.03  (-2) 

3.91  (-2) 

5.59  (-2) 

Fpeak  T)  (3%1) 

3.65 

3.76 

3.41 

Fpeak  T)  (3944) 

3.69 

3.68 

3.24 

N (3961)  (w/cm2-ster) 

6.15  (-9) 

8.17  (-9) 

1.06  (-8) 

N (3944)  (w/cm2-ster) 

6.21  (-9) 

8.00  (-9) 

1.00  (-8) 

N (TOTAL)  (w/cm2-ster ) 

1.24  (-8) 

1.62  (-8) 

2.06  (-8) 

160 

6.69  (-2) 

3.15 

2.94 

1.17  (-8) 
1.09  (-8) 


2.26  ( -8) 


p = vertical  coordinate 
a = elevation  angle  of  cloud 


Table  IV  presents  the  optical  properties  of  the  release  cloud  as  a 
function  of  altitude  for  the  two  aluminum  resonance  lines.  Of  most  significance, 
are  the  large  values  computed  for  the  optical  thickness,  x0.  This  implies 
that  multiple  scattering  and  photon  diffusion  effects  become  important  in  the 
central  region  and  on  the  shady  side  of  the  cloud.  In  fact,  the  cloud  is 
sufficiently  thick  such  that  very  few  photons  reach  the  shady  side  and  the 
release  resembles  a half-moon  when  viewed  perpendicular  to  the  solar  flux. 

This  point  is  illustrated  by  Figure  8 which  shows  the  function: 

F(0/ro,  T)  = EXP  (-02/ro2)  (1  - EXP  - t)/ERFC  ( n/r0)  (10) 


plotted  vs.  H/r0.  The  sharp  rise  to  a maximum  and  subsequent  decay  toward 
the  central  region  are  quite  apparent  in  the  figure.  It  is  pointed  out  that 
the  single  scattering  theory  does  not  describe  the  core  of  the  release  accurately. 
However,  in  the  vicinity  of  the  maximum,  the  optical  thickness  is  sufficiently 
small  ( such  that  single  scattering  applies.  For  the  above  reasons,  the 

peak  intensity  in  the  cloud  will  be  represented  by  the  maxima  of  curves  similar 
to  Figure  8.  These  have  been  computed  as  a function  of  tq  and  are  shown  in 
Figure  9.  In  turn,  the  peak  resonant  fluorescent  intensity  of  the  cloud  is 
given  by: 


N 


peak 


H y(_ 

2 tt 


00 ) 

1/2 


D 


peak 


( n /r0,  T ) 


(11) 


Application  of  Equation  (11),  requires  a knowledge  of  the  solar  flux 
incident  upon  the  release  cloud.  Unfortunately,  the  aluminum  resonance  lines 
appear  as  Fraunhofer  lines  in  the  sol  spectrum.  Additional  complications 
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result  when  it  is  recognized  that  the  aluminum  lines  also  fall  in  the  tail 
region  of  the  very  strong  Fraunhofer  lines  caused  by  calcium  ions.  Conse- 
quently, exact  line  profiles  could  not  be  used.  Rather,  as  suggested  by 
Armstrong  (Reference  9),  the  solar  flux  was  assumed  constant  and  reduced  by  an 
order  of  magnitude  from  the  level  of  the  adjoining  continuum  (Reference  9),  a 
factor  which  is  in  good  agreement  with  measurements  by  the  Utrecht  group 
(Reference  10)  The  resulting  intensity  was  taken  as  1.97  x 10  watts/cm  cm 

Table  V presents  the  resonant  fluorescent  intensity  as  a function  of  alti- 
tude conputed  using  Equation  (11).  The  dominant  variable  in  the  calculations 
is  the  Doppler  width  which  varies  by  about  a factor  of  two  in  the  altitude  range 
of  interest.  The  peak  resonant  fluorescent  intensity  also  varies  by  this 
factor.  Consequently,  from  the  point  of  view  of  observation,  a release  at 
160  km  will  provide  the  maximum  signal.  However,  because  of  the  small  altitude 
variation  of  intensity,  this  specific  altitude  is  not  critical. 

A second  consideration  in  selecting  the  optimum  release  altitude  is  the 
decay  of  intensity  with  time.  As  the  released  aluminum  diffuses  into  the  ambient 
atmosphere  the  ootical  thickness,  T0  decreases.  From  Equations  2 and  8 

kQ  nT  (12) 

T°  ' 

Further,  the  Gaussian  radius  of  a release  cloud  grovs  as  (Reference  11 


where 

thus, 


r2  (t)  = rQ2  + 4Dt 

D = atmospheric  diffusion  coefficient 
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•tr  (rQ  + 4Dt) 
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Referring  to  Figure  9 and  Equation  (11),  the  intensity  of  resonance  fluores- 
ence  decreases  by  a factor  of  two  as  tq  decreases  by  factors  of  40  and  25  for 
140  and  160  km,  respectively.  Using  these  values  to  estimate  the  time  at  which 
the  cloud  intensity  reaches  half  its  maximum  value,  and  the  diffusion  coeffic- 
ients of  Reference  11,  (D14Q  = 7 x 107,  = 2 x 108  cm2/sec)  in  Equation  14 

gives  times  of  558  and  365  sec  at  140  and  160  km  altitude.  Thus,  the  duration 
of  resonance  fluorescence  is  reasonable  for  observation  at  either  altitude. 

It  is  now  necessary  to  consider  the  instrumentation  proposed  for  the 
experiment.  The  camera  has  an  f/1.4  (focal  length  150  mm)  lens,  uses  Kodak  2475 
film,  and  is  blocked  with  a narrow  bandpass  filter  centered  at  3953  A.  The 
transmission  is  40%  at  the  wavelength  of  the  aluminum  resonance  lines.  Apply- 


ing the  photographic  equation  to  the  filtered  camera: 


E = It  = N 
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(15) 


where : 

E = exposure 

I = intensity  at  focal  plane 

t = exposure  time 

T = transmission  of  optics  = .9  x .4 

o 

T = transmission  < atmosphere  = .417  (assumed  45  elevation) 
a 

f = f-number  of  lens  = 1.4 

Results  in: 

E = 6 x 10_2N  (16) 


To  estimate  the  threshold  for  clear  observation  of  the  release,  a film  density 
of  0.3  above  fog  is  assumed.  Thus,  E = 6.31  x 10_1°  (Eastman  Kodak  2475  film 
specification)  and: 
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Comparison  between  Equation  (18)  and  the  predictions  of  Table  V shows  that 
the  intensity  of  resonance  fluorescence  from  aluminum  is  about  a factor  of 
two  larger  than  the  threshold  intensity  of  the  camera  for  an  exposure  time  of 
one  second.  As  the  exposure  time  is  increased,  a further  factor  of  safety 
will  be  introduced.  It  is  thus  recommended  that  the  aluminum  be  released 
between  140  and  160  km  and  that  the  camera  be  shuttered  to  provide  a 5 second 
exposure  time.  This  latter  recommendation  will  result  in  an  exposure  one 
order  of  magnitude  above  threshold. 


B.  Flight  Results  and  Analysis 

A titanium/boron/aluminum  release  experiment  was  successfully  conducted 
by  AFCRL  following  the  Aladdin  Program.  The  canister  which  was  launche 
Wallops  Island,  Va.,  on  January  15,  1975,  was  fired  at  an  altitude  of  150  km. 
Data  from  the  event  were  gathered  using  a spectrometer  and  filtered  TV  camera 
to  observe  the  aluminum  resonance  lines  and  photography  to  record  the  intensity 
of  the  0,0  band  of  A10.  The  observations  discussed  below  were  kindly  provided 
prior  to  publication  by  Dr.  D.  F.  Kitrosser  of  AFCRL  who  also  reduced  the  A10 
0,0  band  photographic  intensities  to  total  A10  concentrations. 

The  release  cloud  was  required  by  the  optical  instrumentation  at  about 
t0  + 9 sec.  As  is  shown  in  Figure  10,  the  A1  resonance  lines  are  initially 
obscured  in  absorption  and  then  fluoresce.  The  relative  intensity  of  the  two 
resonance  lines  is  presented  in  Figure  11.  The  development  of  the  A10  cloud 
is  shown  in  Figure  12.  Figure  13  shows  the  total  number  of  A10  molecules  in 

the  cloud  as  a function  of  time. 

-25- 


‘tii  I n i 


fvtJW* 


FIGURE  10  . ALUMINUM  RESONANCE  LINES 


3961  A - BECOMES  OPTICALLY  THIN  q 39^  a 


FIGURE  11.  ALUMINUM  RESONANCE  LINE  INTENSITY  FROM  CLOUD  AT  LATE  TIMES 


FIGURE  12.  DEVELOPMENT  OF  ALUM 


Analysis  of  the  results  requires  an  investigation  of  the  chemistry  of 
A1  atoms  as  they  diffuse  into  and  become  oxidized  by  the  ambient  atmosphere. 
At  early  times  the  chemistry  should  be  dominated  by  the  f st  reaction: 

kf 

A1  + 00  >A10  + 0 

2 

r 

The  time  behavior  of  A10  under  these  conditions  is  described  by  a spherical 
diffusion  equation: 


where: 
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(19) 


If  it  is  assumed  that  all  species  diffuse  at  the  same  rate,  the  ambient  atmosphere 
is  uniform  in  the  vertical  direction,  A1  and  A10  are  the  only  aluminum  species 
present  in  the  cloud,  and  that  aluminum  element  has  a Gaussian  distribution, 
Equation  (19)  can  be  written: 
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where  the  aluminum  element  distribution,  a^  = a^  (r,  t) , is  given  by: 
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where: 


A^  = total  amount  of  aluminum  released 


The  solution  of  Equation  21  assuming  that  A1  atoms  are  the  released  species  can 
be  written: 
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Integration  of  Equation  (22)  over  the  cloud  results  .n: 
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where : 

(A10)t  = total  amount  of  A10  present  in  the  cloud. 

The  time  variation  of  A10T  can  be  used  in  conjunction  with  Equation  (23) 
to  derive  an  experimental  value  for  (kf  0 + kr  0,).  This  was  done  by  means  of 
a least  squares  procedure  and  gave  (kf  0 + kr  02)  - 0.085.  ^To  obtain 
constant  from  this  result,  the  equilibrium  constant,  Keq  = was  taken  from 
Table  III  and  atmospheric  densities  for  0 and  02  were  used  (Reference  6) . 

The  value  derived  from  the  release  data  was  kf  = 5.3  x 10  cm  /sec  which 
compares  well  with  a laboratory  measurement  of  kf  = 3 x 10  11  (Reference  4). 

It  is  concluded  from  the  A10  observations  that  A1  was  the  released  species  which 
reacted  with  the  ambient  atmosphere  to  form  A10.  The  rate  constant  for  the 
oxidation  process  as  deduced  from  the  release  data  was  in  good  agreement  with 

laboratory  measurements. 

The  interpretation  of  the  A1  resonance  line  data  is  complicated  by  opt- 
ical thickness  effects  and  other  theoretical  difficulties.  Consequently,  we 
decided  to  estimate  the  total  A1  concentration  in  the  cloud  by  a comparison 
between  the  data  and  theory  assuming  the  cloud  is  optically  thin.  When  the 
cloud  is  thick,  the  theory  will  over  predict  the  measurements.  However,  at 
that  point  where  theory  and  data  first  agree,  the  optical  thickness  at  the  cloud 


center  should  be  approximately  unity.  The  intensity  of  resonance  fluorescence 
per  unit  volume  in  the  optically  thin  limit  is  proportional  to  the  A1  number 
density,  i.e.  for  a Gaussian  cloud. 
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Equation  24  now  must  be  integrated  over  the  line  of  sight  and  over  the  slit 
width  of  the  spectrometer.  The  result  as  given  by  Dr.  D.  F.  Kitrosser  of  AFCRL 
for  the  particular  geometry  and  spectrometer  of  interest  is 

o 1/2 

N OC  (Al)T/rQ2  + 4Dt)  (25) 


Before  comparison  with  data,  an  additional  correction  for  the  chemical  removal 
of  A1  and  A10  must  be  applied.  The  removal  process  which  was  assumed  is 


A10  + 


A10„ 


+ 0 


This  reaction  is  fast  in  comparison  to  the  competing  chemilumenescent  process 
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The  appropriate  correction  using  = 3 x 10  (Reference  4)  becomes 
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Equation  26  was  plotted  on  Figure  11  (r  = 5 x lG^  cm,  0 = 1.23  x 10^  ^~) 

O SBC 

for  comparison  with  the  aluminum  resonance  line  measurements.  Also  shown  on 
the  figure  is  that  point  where  the  cloud  becomes  optically  thin  for  both  lines, 
t - 70  sec  (3940),  t - 100  sec  (2961).  Assuming  that  the  optical  thickness 
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is  unity  at  this  point,  Equation  23  gives 

3/2  (r  2 + 4Dt)  (27) 
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This  provides  an  estimate  for  the  total  amount  of  aluminum  in  the  cloud  of 

4.8  x 1023  and  5.9  x 1023  for  the  3961  and  3940  lines  respectively.  Thi  aver- 

23 

age  value  is  5.35  x 10  molecules. 

It  is  of  interest  to  compare  the  ratio  of  A1/A10  derived  from  the  release 
measurements  to  that  obtained  theoretically  as  shown  in  Table  III.  Referring 
to  Figure  13,  (A10)T  - 1.17  x 1024.  This  gives  (A1)T/(A10)T  - 5.35  x 10  / 

1.17  x 1024  = 0.46.  The  theoretical  value  computed  using  the  equilibrium  con- 
stant and  standard  atmospheric  densities  for  0 and  0,,  is  <A1)t/<Aa0)t  = 0.6. 

This  is  considered  excellent  agreement. 

The  following  conclusions  have  been  drawn  from  optical  measurements 
of  A1  resonance  line  fluorescence  and  A10<0,0)  band  radiation  produced  by  an 
atmospheric  release. 

1.  A1  atoms  were  vaporized  by  the  reaction  of  Ti  + *.B  > Ti  + heat 

2.  The  A1  atoms  diffused  through  and  were  oxidized  by  the  ambient  atmo- 
sphere to  form  A10.  The  time  constant  derived  for  the  oxidation 
process  agreed  reasonably  well  with  estimates  based  on  available 
chemical  rate  constants  and  standard  atmospheric  properties. 

3.  The  ratio  of  A1/A10  derived  from  the  release  data  agreed  very  well 
with  estimates  based  on  thermodynamic  calculations  and  on  standar i 
atmospheric  properties. 
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